One contribution of 14 to a theme issue 'Chromatin modifiers and remodellers in DNA repair and signalling'. Accurate maintenance of genomic as well as epigenomic integrity is critical for proper cell and organ function. Continuous exposure to DNA damage is, thus, often associated with malignant transformation and degenerative diseases. A significant, chronic threat to genome integrity lies in the process of transcription, which can result in the formation of potentially harmful RNA : DNA hybrid structures (R-loops) and has been linked to DNA damage accumulation as well as dynamic chromatin reorganization. In sharp contrast, recent evidence suggests that active transcription, the resulting transcripts as well as R-loop formation can play multifaceted roles in maintaining and restoring genome integrity. Here, we will discuss the emerging contributions of transcription as both a source of DNA damage and a mediator of DNA repair. We propose that both aspects have significant implications for genome maintenance, and will speculate on possible long-term consequences for the epigenetic integrity of transcribing cells.
Introduction
Genome maintenance is an integral aspect of accurate cell and organ function. Both gross chromosomal aberrations and increased DNA mutation load are linked to a variety of human diseases [1, 2] . In addition to bona fide DNA lesions, changes in chromatin, a protein-nucleic acid complex that compacts and organizes DNA in eukaryotic nuclei, are now firmly recognized as a result of aberrant genome maintenance, with the potential to alter the tightly controlled gene expression programmes needed to ensure cell identity [3] [4] [5] . An elaborate array of genome maintenance pathways exists to avert the constant threat from diverse, endogenous as well as exogenous sources of DNA damage [6] . Beyond the repair of DNA lesions, dynamic chromatin remodelling processes are at work to ensure that pre-damage chromatin environments are properly restored [7] . However, both DNA lesions and chromatin changes were shown to accumulate over time and with increasing cell divisions, suggesting that chronic exposure to DNA damage can pose a persistent and potentially fatal threat to (epi)genome integrity [8] [9] [10] [11] . In support of the latter, several reports point to a functional link between DNA damage and age-associated nuclear dysfunction (reviewed in [5, 12, 13] ). A better knowledge of the causes and consequences of chronic DNA damage is, thus, expected to advance our understanding of the (epi)genome maintenance pathways that may help prevent age-associated diseases.
Perhaps the most prevalent sources of chronic DNA damage are essential cellular processes with the potential to continuously alter DNA structure. In recent years, two major DNA transactions, transcription and DNA replication, have emerged as significant modulators of (epi)genome maintenance. While the effect of replication is limited to dividing cells, transcription has the potential to alter epigenomic integrity in all states of the cell cycle, making it a substantial threat across cell types and tissues. Of note, adverse consequences of the two processes are often functionally related, as DNA replication and transcription can interfere with each other when occurring on the same DNA template [14] [15] [16] . While the impact of DNA polymerase stalling (replication stress) on DNA as well as the surrounding chromatin environment has been intensely investigated over the past years (reviewed in [17] [18] [19] ), little is known about the (epi)genetic consequences of stalled transcription. A potentially deleterious, structural feature of the latter is the formation of three-stranded RNA/DNA hybrids (R-loops), in which the DNA template strand hybridizes to the nascent RNA transcript, leaving the non-template DNA single-stranded and, thus, susceptible to DNA damage. Of note, R-loops have been found to interfere with DNA polymerase progression, underlining the intricate relationship between transcription and replication (stress) [20] [21] [22] . In seeming contradiction to the adverse effects of active transcription on genome integrity, recent evidence suggests that both the act of transcription and the resulting (nascent) transcripts may actively participate in DNA repair, pointing to a dual role for RNA metabolism in genome maintenance [23] .
Depending on the type of DNA damage, its recognition triggers a lesion-and often cell cycle-specific DNA damage response (DDR), during which cells recruit the appropriate repair machineries. Both replication stress and transcription have been associated with the formation of DNA doublestrand breaks (DSBs), which represent perhaps the most deleterious DNA lesions, as they can result in chromosomal rearrangements, cellular transformation or cell death when mis-joined or unrepaired [6, 24] . DSBs are generally sensed by the MRE11-RAD50 -NBS1 (MRN) complex, which in turn activates a signalling cascade initiated by the ataxia-telangiectasia mutated (ATM), and ATM and Rad3-related (ATR) kinases. The latter results in the phosphorylation of the histone variant H2A.X on Serine 139 (gH2AX), which triggers the recruitment of a plethora of downstream effectors that typically initiate one of two major DSB repair pathways: homologous recombination (HR) or non-homologous DNA end joining (NHEJ). HR requires DSB end resection mediated by MRE11 and other exo-nucleases, generating a 3 0 overhang for strand invasion. HR also depends on the proximity of a homologous template, generally the sister chromatid, and is therefore generally limited to S and G2 phases of the cell cycle. NHEJ, on the other hand, occurs in all phases of the cell cycle except mitosis [6, 25] . In addition to MRN, this repair pathway relies on DSB end recognition by the KU70/KU80 heterodimers, which prevent end resection and initiate end-religation via recruitment of the LIGASE4/XRCC4 complex among other proteins [26] . Importantly, both HR and NHEJ are tightly linked to dynamic, DSB-proximal chromatin reorganization, which modulates repair outcome as well as gene expression and overall epigenetic integrity near DSBs (see several excellent recent reviews for a detailed overview [3, 23, [27] [28] [29] [30] [31] ).
Here, we will discuss the emerging contribution of transcription as both a source of DNA damage and a mediator of DNA repair (figure 1). Given the essential and ubiquitous nature of transcription, its impact on genome integrity is likely to have long-term consequences for both the genetic and epigenetic integrity of transcribing cells.
Transcription as a source of DNA damage
Evidence for transcription as a driver of mutagenesis and recombination was originally reported in budding yeast almost 20 years ago (reviewed in [32] ). Since then, a combination of targeted and genome-wide approaches has successfully demonstrated a profound role for transcription as a driver of DNA damage, and particularly DSB formation, in higher eukaryotes. In the following, we will present current evidence for transcription-induced genome instability and discuss possible underlying causes, with a focus on R-loop formation.
(a) Evidence for transcription-induced genome instability
Over the past two decades, much progress has been made in our understanding of the impact of transcription on genome instability in mammalian cells [33] . Transcriptional activation has been linked to DSBs at transcription start sites of nuclear hormone receptor genes in a process that involves topoisomerase IIb (Topo IIb)-mediated DSB formation [34] . More recently, the cytidine deaminase APOBEC3B has been implicated in a similar process at estrogen receptor-responsive genes [35] . Importantly, promoter-associated DSBs were found to directly contribute to genomic translocations in cancer [36] . Recent comparative analyses of transcription profiles and genome-wide translocation mapping extended these findings, identifying active promoters as preferential targets for recurring translocations, a phenomenon that was observed across highly expressed genes in divergent cell types [37] . Reminiscent of nuclear hormone-responsive genes, promoter-associated DSBs in neurons were found to be Topo IIb-dependent and most prevalent upon neuronal activity stimulating of a subset of early response genes, including Fos, Npas4 and Egr1 [38] . Gene activation is, thus, tightly linked to DSB formation, which in turn facilitates transcription, possibly through relieving torsional stress and/or other topological constraints associated with transcription initiation. In addition to promoter-associated DSBs, transcription has been linked to DSB formation across the gene body. The latter was primarily observed at long genes in fragile genomic regions, which present a source for RNA/DNA polymerase collisions [39, 40] . Transcription and replication machineries can collide either in head-to-head orientation or co-directionally, depending on whether transcription occurs on the lagging or leading strand, respectively. Both events are thought to interfere with DNA polymerase progression and are, thus, considered causes for replication stress-associated genome instability (reviewed in [14, 15, 33] ). Underlining the impact of RNA/ DNA polymerase collisions on genome integrity, recent genome-wide analyses in neural stem and progenitor cells have demonstrated that replication-dependent translocations occur almost exclusively within the gene bodies of transcribed, long genes generally involved in neural functions [41] . Of note, under conditions of nuclear receptor-induced gene activation, transcription-associated DSB formation within gene bodies was observed independently of gene length in breast cancer cells. However, similar to long genes, DSB formation was dependent on both transcription and replication, suggesting RNA/DNA polymerase collisions as a general, underlying cause for transcription-dependent DSBs within genes [42] . High levels of gene expression have further been associated with replicationdependent DSB formation and translocation in a newly identified subset of fragile sites, localized preferentially at genes in early-replication DNA (ERFSs) [43] . Yet whether the causes for DSB formation at ERFSs are mechanistically linked to RNA/DNA polymerase collisions remains to be determined. Moreover, it is currently unclear if transcription-associated DSBs within (long) gene bodies are of functional significance, as was proposed for promoter-associated DSBs, which can facilitate gene expression [34, 35, 37, 38] . One intriguing yet speculative possibility may be that DSBs within long neural genes can result in gene rearrangements contributing to somatic brain mosaicism and neural diversification [41, 44] . Finally, the formation and resolution of transcription-associated DSBs may be of relevance in shaping the chromatin landscapes of active genes (see below).
(b) R-loops as drivers of transcription-associated DNA damage
As indicated above, topological and structural constraints represent a primary source for transcription-associated DNA damage. In contrast to Topo IIb-dependent, promoter-proximal DSBs, DNA lesions in transcribed gene bodies have been associated with RNA : DNA hybrids, which can form as a result of negative DNA supercoiling when RNA polymerase progression is stalled due to structural obstacles [20, 21, 45] . Notably, the occurrence of both R-loops and gene bodyassociated DSBs appears far from random [37, 46] . R-loops are typically formed in G-rich RNA or regions of extended single-strandedness in the non-transcribing DNA template, for example, as a result of secondary non-B DNA structures such as G-quadruplexes [20, 21] . Many R-loop-forming hotspots have been identified to date, with physiological roles in class switch recombination, transcription activation and termination, and it will be of significant interest to determine if similar hotspots exist at sites of recurring DSBs within gene bodies. Mechanistically, R-loops can contribute to genome instability in multiple ways, which have been discussed in several excellent reviews [20] [21] [22] . In the following, we will highlight two of the major adverse consequences of R-loop formation: (i) their capacity to promote DNA base lesions and breaks; and (ii) their potential to interfere with DNA polymerase progression, which in turn promotes replication stress (figure 2, left panels). We will further discuss the cellular machinery that helps prevent or counteract R-loop formation.
(i) R-loop-associated DNA lesions
Stretches of ssDNA that result from R-loop formation can act as templates for nucleotide modifications. Perhaps the best-investigated example involves the R-loop-associated deamination of cytidine via activation-induced deaminase (AID) during the process of immunoglobulin class switching and somatic hypermutation. Upon deamination, modified bases are recognized by base-or nucleotide-excision machineries, which in turn results in mutations, as well as singleand double-stranded DNA breaks [47] . While, in the case of class switch recombination, DSB formation is a tightly regulated, essential aspect of antibody diversification, aberrant R-loop accumulation can result in deleterious, genomic translocations and other types of DNA damage. To limit the latter, AID is largely restricted to B lineage cells [47] . However, other deaminases may be able to take over similar processes in non-lymphoid cells. Indeed, the cytidine deaminase APOBEC3B was reported to cause promoter-proximal DSBs, raising the possibility that R-loops may be implicated in this process [35] . In addition to the deamination of ssDNA, transcription-coupled nucleotideexcision repair has recently been shown to process R-loops in a manner that can result in DSB formation and genome instability in both yeast and mammalian cells [48] . Together, these findings underline the broad potential of R-loops to promote DNA lesions and concomitant genome instability and/or mutagenesis. This inherent potential to cause DNA damage poses a significant threat to sites of naturally occurring R-loops, including transcription start and end sites, where these structures are thought to promote either initiation or termination processes [20, 49] . Of note, recent work from the Livingston lab has identified a novel, genome-protective role for the tumour suppressor and HR-mediator BRCA1, which involves the suppression of transcription-induced ssDNA breaks at R-loop-associated termination regions [50] , pointing to a means by which cells may be able to counteract adverse R-loop effects to enable their physiological roles.
(ii) R-loop -associated replication stress
Recent evidence suggests that R-loops are potent obstacles to DNA replication [20] [21] [22] . Given that nearly 5% of the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160288
genome is thought to form R-loops, the implications for replication may be significant [46, 49] . The potential for R-loops to promote replication stress is particularly apparent in cells with defects in genes that promote R-loop resolution (see below), which have been linked to replication-associated genomic instability in organisms as diverse as bacteria, yeast and human cells [16, 20, 22] . Supporting a role for DNA replication as a driver of this process, attenuation of DNA polymerase progression was able to suppress R-loop-mediated DNA rearrangements in both E. coli and HeLa cells [51] . To counteract the deleterious effects of R-loops on DNA polymerase progression, replication forks were found to associate with the R-loop resolvase senataxin in yeast, which in turn protects fork integrity across transcribed genes [52] . A similar finding was reported in human cells, where transcription of fragile site-associated long genes was shown to promote R-loopdependent genome instability [40] . The latter was proposed to be the result of inevitable RNA/DNA polymerase collisions at human genes that take more than one cell cycle to be transcribed. A role for persisting R-loops in the absence of RNA polymerase can, however, not be excluded as a cause of replication fork arrest. Consistent with this notion, acute inhibition of RNA polymerase elongation did not impair replication stress-induced DNA breakage at these genes [40] .
Further corroborating a central role for R-loops as mediators of replication stress, expression of RNase H1, which specifically degrades RNAs within RNA : DNA hybrids, can limit replication fork stalling and the associated genome instability [40, 42, 51, 52] . Taken together, it is thus apparent that persistent R-loops are a major hindrance to regular DNA transactions and pose a serious threat to genome integrity.
(iii) R-loop resolution and prevention
Given the potentially detrimental consequences of RNA : DNA hybrids, several functionally distinct and often complementary pathways exist to counteract R-loop formation across the genome, which involve either prevention or the efficient resolution of existing hybrids. For a comprehensive summary of the genes that mediate these processes across species, we refer the reader to several recent reviews [21, 22, 53] . Perhaps the most intuitive means to prevent RNA : DNA hybrids is the assembly of messenger ribonucleoprotein complexes (mRNPs), which form on nascent pre-mRNA to facilitate splicing and export processes, and simultaneously prevent RNA base pairing with ssDNA. Of note, the tumour suppressors BRCA1 and BRCA2 have recently been implicated in mRNP formation, indicating a role in genome maintenance beyond their established function in HR [54, 55] . Interestingly, defective mRNP assembly and concomitant RNA : DNA hybrid formation were found to be an important aspect of the cellular response to transcription-blocking DNA lesions, which can cause a local displacement of spliceosome components to trigger R-loop-dependent ATM activation [56] . At the DNA level, R-loop prevention largely depends on the relief of torsional stress in DNAvia the actions of DNA topoisomerases I and II, which physically associate with transcription and DNA replication machineries and counteract negative DNA supercoiling required for R-loop stabilization [57] . Loss of both Topo I and Topo II was shown to increase R-loop accumulation in yeast [58] . Similarly, the absence of Topo I in human cells exhibited R-loop-dependent genomic instability [59] . More recently, Aguilera and co-workers identified a key role for the FACT ( facilitates chromatin transcription) chromatin remodelling complex in the resolution of R-loop-mediated transcription-replication conflicts in yeast. The latter was probably associated with a specific chromatin environment as it was preferentially observed at highly transcribed genes [60] . Given that FACT is essential for both transcription and DNA replication in higher organisms, similar processes are likely to be at work in human cells [61] [62] [63] .
To ensure R-loop removal where prevention mechanisms fail, a number of enzymes exist that can specifically degrade or unwind RNA : DNA hybrids. R-loop degradation largely depends on the ribonucleases RNase H1 and 2, which specifically recognize long and short RNA : DNA hybrids, respectively, and enzymatically degrade the RNA component to restore dsDNA [64] . RNase H enzymes are highly evolutionarily conserved and their depletion is embryonically lethal in mammals, underlining their importance for accurate genome maintenance [65, 66] . However, to what extent aberrant R-loop formation contributes to this phenotype remains to be investigated. In addition to RNase H-mediated degradation, RNA : DNA hybrids can be resolved via ATP-dependent unwinding of the hybrid structure through the action of helicases or resolvases such as bacterial RecG and the conserved PIF1 and senataxin (SETX) enzymes [20] [21] [22] . Supporting a specific role in coordinating replication with transcription processes, senataxin was recently shown to accumulate at replication forks in yeast where it helps prevent aberrant R-loop accumulation [52] .
As discussed earlier, the absence of enzymes that counteract R-loops, particularly topoisomerases, SETX and RNase H, can be a significant threat to the genome. It is, therefore, not surprising that R-loops have been linked to many human pathologies, including neurodegenerative diseases and cancer [22, 67] . However, to what extent these pathologies are functionally linked to aberrant R-loop formation remains to be demonstrated.
Transcription and transcripts as mediators of DNA repair
Despite their adverse effects on genome maintenance, both transcription and its end product, RNA, are emerging as significant mediators of DNA repair. Beyond mRNAs encoding essential repair factors, many types of non-coding RNAs have now been associated with the DDR. The latter can largely be categorized into two groups: (i) DNA damage-induced scaffold and long non-coding RNAs as well as miRNAs, and (ii) DNA damage-induced RNAs that originate from and/or share homology with the site of damage and are thought to promote the repair process in a site-specific manner. While the former has been reviewed extensively in recent years [68, 69] , the importance of the latter is only emerging. In the following, we will highlight how both the act of transcription and DNA damage-specific RNAs may influence the repair of DSBs.
(a) Transcription state influences repair outcome
Recent findings have established a vital role for transcription in the DDR [23] . The latter is particularly apparent with regard to DSB repair outcome, because the transcription state of a gene is emerging as an important determinant in the choice between HR and NHEJ in genic DSBs. Genome-wide mapping revealed a global preference of the HR-associated RAD51 repair factor for actively transcribed genes, which was found to depend on the transcription elongation-associated, SETD2 methyl transferase-dependent histone mark H3K36me3 [70, 71] . Strikingly, the induction of transcription was sufficient to increase RAD51 accumulation and a concomitant increase in HR-mediated DSB repair, underlining a causal relationship between the two processes [71] . It is, however, important to note that even HR-prone DSB sites exhibit recruitment of the end joining factor XRCC4, suggesting that NHEJ can act as an efficient alternative, particularly in G1 phase cells. Conversely, HR is not restricted to transcribed genes and several reports demonstrate that HR plays important roles in transcriptionally silent chromatin [72] [73] [74] [75] . In addition, in yeast, Set2-mediated H3K36 methylation resulted in reduced end resection and a preference for NHEJ, indicating that H3K36 methylation by itself is not sufficient to ensure HR [70, 76] . Consistent with the latter, histone acetylation, which is frequently associated with transcribed genes, also influences repair pathway choice. For example, H4K16 acetylation was shown to antagonize 53BP1 binding to chromatin, which in turn facilitates end resection and HR [77, 78] . Finally, genomic sites for HR-mediated, meiotic recombination are enriched in H3K4me3, a marker frequently associated with transcription start sites. While H3K4-methylated recombination hot spots are generally established independently of transcription via motif-specific recruitment of the H3K4 methyltransferase PRDM9, the absence of PRMD9 results in targeting of genetic recombination to actively transcribed genes [79, 80] . Together, these findings demonstrate that the process of transcription and the associated chromatin remodelling have a direct impact on DSB repair outcome, and hence positively regulate genome integrity. It is tempting to speculate that a preference for error-free HR in transcribed regions of replicating cells may ensure limited, DSB-associated mutagenesis in proteincoding DNA, although more work is needed to fully understand the extent to which this pathway contributes to genic DSB repair.
(b) R-loops and DSB-associated RNA in DNA repair
Similar to the dual role for transcription in genome maintenance, recent evidence suggests that R-loops may not only promote genome instability, but are also required for the accurate repair of DSBs (figure 2, right panels). An association between RNA : DNA hybrid forming loci and DNA repair was recently demonstrated by Koshland and co-workers [81] , who showed that the HR mediators RAD51 and RAD52 can promote R-loop formation in yeast both at sites of RNA synthesis and at non-transcribed but homologous genomic loci in trans, through mechanisms that remain to be determined. Supporting a role for R-loops in DSB repair in mammalian cells, RNA : DNA hybrids were found to accumulate transiently at DSBs in a transcription-dependent manner [82] . Moreover, human SETX was found to function at sites of DSB repair and its depletion resulted in persistent DNA breaks and defects in HR-mediated meiotic recombination [83, 84] . Adding mechanistic insight to these observations, Ohle et al. [85] recently demonstrated that RNA : DNA hybrid formation at DSBs is necessary for HR-mediated repair in yeast, by regulating the extent of end resection and concomitant RAD51 recruitment. DSB-proximal R-loop formation correlated with the accumulation of RNA polymerase II (RNA Pol II) at sites of DSBs, which was proposed to generate RNA for hybrid rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160288 formation and repair. Consistent with this finding, RNA Pol II can initiate transcription without additional factors in the presence of a free 3 0 OH group in DNA [86] . Importantly, an imbalance in the accumulation of DSB-associated RNA : DNA hybrids negatively affects genome integrity in yeast [85, 87] . RNase H overexpression and the concomitant reduction in Rloops caused a pronounced increase in end resection accompanied by a severe loss of repetitive DNA, likely as a result of hyper-recombination [85, 87] . Stabilization of R-loops due to RNase H depletion, on the other hand, was found to interfere with the recruitment of the ssDNA binding protein RPA, which in turn reduced HR efficiency [85] . The latter suggests that, in addition to being a mediator of R-loop formation [81] , RAD51 can be recruited to DSBs downstream of RNA : DNA hybrids, pointing to a more complex role for RAD51 in R-loop-associated genome maintenance.
Notably, the formation of site-specific, DSB-derived small RNAs has also been demonstrated in mammalian cells. These RNAs accumulate at DSBs as a result of Dicer/ Drosha-mediated RNA processing and mediate the recruitment of downstream repair factors including but not limited to HR mediators [88] [89] [90] . Whether the corresponding precursor RNAs are the result of DSB-induced RNA Pol II accumulation, and if these RNAs can contribute to R-loop formation are interesting, open questions. Of further note, the HR mediators BRCA1 and BRCA2 have been implicated in R-loop resolution via recruitment of the SETX resolvase or by promoting mRNP biogenesis, respectively [50, 54, 91] . It will, thus be interesting to determine if and how BRCA1/BRCA2 recruitment to DSBs modulates R-loop accumulation at resected DNA ends, and if the latter may contribute to their role as mediators of end resection in higher eukaryotes. BRCA mutations are directly associated with carcinogenesis, and evidence has been presented that cancer-relevant BRCA mutations can cause R-loop-related genomic instability that may contribute to malignant transformation [50, 54] . Together, these findings emphasize the importance of tightly controlled RNA : DNA hybrid formation in DSB repair by HR in yeast, and possibly humans.
(c) RNA-templated repair
Beyond modulating repair factor recruitment and downstream repair processes, the accumulation of damage-site-specific RNA transcripts has the seemingly obvious, yet nevertheless intriguing potential to serve as a template for DNA repair. RNA-templated DNA synthesis has been well documented during telomere elongation and reverse transcription of RNA viruses and retrotransposons [92, 93] , and in 2007, Resnick and co-workers [94] presented first, compelling evidence for RNA-templated DNA DSB repair in yeast. Using synthetic RNA oligonucleotides complementary to the broken DNA ends, the authors were able to promote HR through direct homologous interaction of RNA with chromosomal DNA. Remarkably, RNA-templated DNA synthesis seemed to require the activity of replicative DNA polymerases a and d rather than reverse transcriptases [94] . In a continuation of this work, the Storici lab showed that endogenous RNA transcripts can similarly mediate HR within yeast chromosomal DNA [95] . This process was found to require the formation of RNA-DNA hybrids and is stimulated by RAD52, an HR factor that mediates annealing of singlestranded DNA. Importantly, RAD52 was able to efficiently promote annealing of RNA to DSB-like DNA ends in vitro. RAD51, on the other hand, was found to be dispensable for this process, consistent with the lack of a need for strand invasion [95] . More recently, evidence for RNA-templated DNA repair was reported in human G 0 /G1 phase cells. Using a sophisticated reporter system, the authors showed that, in G 0 /G1 cells, recruitment of the HR factors RAD51 and RAD52 to oxidative DNA lesions is dependent on active transcription near the site of damage, as well as the ATPase activity of Cockayne syndrome protein B [96] . However, whether this process involves the formation of RNA : DNA hybrids remains to be determined. Together, these findings highlight the potential of RNA-templated repair as a means to promote homologous repair in the absence of a sister chromatid. In addition to RNA template-assisted HR, NHEJ was also found to operate using RNA templates. A recent study showed that classical NHEJ proteins form a complex with RNA Pol II and pre-mRNA [97] . This complex was enriched at and involved in the DSB repair of transcribed genes. Given that transcriptionally active genes were shown to favour HR over NHEJ, it will be interesting to determine how RNA : DNA hybrids affect repair pathway choice in cells where both HR and NHEJ are active.
An indirect, reverse transcriptase-dependent pathway for RNA-templated DNA repair has also been identified. Reverse transcribed cDNAs originating from yeast Ty elements were found to be targeted to and inserted at DSBs via the NHEJ machinery [98, 99] . A similar phenomenon has been described in mammalian cells, where reverse transcription-dependent DSBs were found to result in 'templated sequence insertions (TSIs)' of trans origin, ranging from 50 to 1000 bp in length [100] . However, the precise mechanism for cDNA targeting to DSBs and the subsequent, often mutagenic, repair remain to be elucidated. Taken together, these findings demonstrate beyond doubt that RNA can contribute to the resolution of DSBs, either directly or upon its reverse transcription. Given that these events are rare and/or apparent only in the absence of 'standard' repair processes, it will be important for future research to establish their physiological relevance and overall impact on genome maintenance.
Potential implications for epigenetic integrity
Both transcription and DSB repair processes are directly influenced by the surrounding chromatin environment. As a result, both of these DNA transactions have the capacity to alter preexisting chromatin structures, and much progress has been made in deciphering how DSBs can affect the expression of nearby genes [3, 4, 31] . In addition, recent genome-wide approaches begin to reveal the potential impact of transcription-associated RNA : DNA hybrids on the epigenetic landscape [49] . In the following, we will speculate on (longterm) implications for chromatin integrity and cell function, focusing on (i) recent advances in the DSB-induced modulation of actively transcribed genes and (ii) chromatin shaping by (DSB-associated) R-loops.
(a) DSBs: modulators of transcription and epigenetic change
Highly orchestrated changes in chromatin are a prerequisite for efficient DSB repair in eukaryotes and often follow a rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160288 dynamic 'prime, repair, restore' model of transient DSBinduced chromatin remodelling [7] . Given that gene expression is tightly regulated at the chromatin level, it is not surprising that the repair of DSBs in or near active genes was found to result in the deregulation of gene expression. Several decades ago, a transient transcriptional arrest following UVinduced damage was observed in human fibroblast and the recovery was shown to be dependent on UV damage repair [101] . It was proposed that this process is necessary to avoid collisions between transcription and repair machineries, although the molecular basis for this phenomenon remained unclear. First evidence that DSBs can induce transcriptional silencing came from Casellas and co-workers [102] in 2007, demonstrating that DSB formation within the rDNA can promote locus-specific and DDR-dependent silencing of RNA Pol I -mediated rRNA transcription. DSB-induced rDNA silencing was dependent on persistent DSBs, and, more recently, linked to a large-scale reorganization of nucleolar architecture, involving relocation of damaged chromatin to nucleolar cap regions, which is thought to help orchestrate DSB repair with ongoing transcription [103] . A direct involvement of DSB-induced chromatin reorganization in DSB-proximal gene silencing was first described by the Greenberg lab, implicating H2A ubiquitination and subsequent activation of ATM in this process [104] . Moreover, DNA-PKcs was found to interfere with the transcription of DSB-containing genes [105] . The finding that distinct DDR kinases have been implicated in this process suggests that mechanisms of repression may at least in part be influenced by the pre-existing, break-proximal chromatin microenvironment. Consistent with this notion, recent work has implicated a range of chromatin components including histone modifiers, histone variants and chromatin remodellers in DSB-induced transcriptional silencing and/or repressive chromatin formation at DSBs [31, 106, 107] . For example, the BAF180-containing PBAF chromatin remodelling complex of the SWI/SNF family was found to mediate transcriptional silencing and repair of a subset of DNA DSBs near transcribed genes. Importantly, PBAF-mediated gene silencing appears to be a central aspect of its repair function, as the repair defect in BAF180-deficient cells could be rescued by global inhibition of transcription [108] . Of note, PBAF has a limited set of target genes and it will be interesting to determine if its impact on the repair of transcriptionally active genes is similarly restricted [109, 110] . Underlining the physiological implications of this finding, cancer-associated BAF180 mutants are unable to restore its functions in repair, suggesting that PBAF-mediated transcriptional silencing at DSBs may contribute to preventing malignant transformation [108] . While PBAF is thought to mediate gene silencing by recruiting components of the polycomb complex, a possibly distinct mechanism for DSB-induced gene silencing has been identified, involving the repressive nucleosome remodelling and histone deacetylation (NuRD) complex [111, 112] . The latter was found to be recruited to active genes via ZMYND8, which binds acetylated chromatin-a hallmark of most transcribed regions-via its bromodomain. This was in turn shown to repress transcription and promote HR at DSB-containing genes [113] . Irrespective of the underlying mechanism, DSB-induced transcriptional changes are generally transient in nature and gene expression is restored upon DSB repair, both in cycling tumour cell lines [102, 104, 105] and upon DSB induction in mice and resting primary cells [114] .
While transient gene silencing is likely to ensure transcriptome stability in response to acute DSBs, chronic exposure to DNA damage may take a persisting toll on epigenomic integrity. In support of the latter, DNA damage was found to induce a redistribution of chromatin modifiers from promoters to sites of damage, which involves histone deacetylases, DNA methyltransferases and polycomb group proteins and has been linked to transcriptional deregulation, malignant transformation and ageing [115, 116] . However, direct evidence for chronic, DNA damage-induced gene deregulation remains to be demonstrated. Of note, recent work has identified a number of replication stressassociated chromatin changes, which have the potential to repeatedly alter the chromatin environment at active genes, e.g. as a result of recurrent RNA/DNA polymerase collisions at fragile genomic regions [17, 18, 117, 118] . Consistent with the latter, aberrant DNA polymerase stalling in the developmentally regulated b-globin locus was found to result in the uncoupling of DNA synthesis from histone recycling, which in turn caused localized loss of repressive chromatin and increased b-globin expression [119] . However, our understanding of the potential impact of replication stress on epigenetic dysfunction is only emerging. Recent evidence identifying replication stress as a driver of ageing in haematopoietic stem cells [120] , together with a number of reports linking chromatin reorganization to age-associated HSC decline [13, 121] , strongly support a thorough investigation of a possible link between these two processes.
(b) R-loop -associated chromatin remodelling
In addition to active transcription, R-loops are emerging as powerful means to promote chromatin changes (figure 2, centre). While this possibility remains to be experimentally tested in the context of DNA repair, a number recent reports suggest that naturally occurring R-loops can have important roles in chromatin patterning with functional implications for transcription initiation and termination. High-resolution R-loop mapping across the genome has led to the identification of characteristic, RNA : DNA hybrid-associated chromatin signatures at thousands of loci of varied DNA sequence, supporting the notion that R-loop formation may represent an additional layer of epigenetic information [49] . R-loops generally form in accessible chromatin and near sites of RNA Pol II stalling [46] , suggesting that RNA Pol II-associated chromatin remodelling complexes may be accountable for some of the active chromatin marks found in RNA : DNA hybrid forming regions. Such enzymes may include the H3K36 methyltransferase SETD2 as well as the H3K4 methyltransferase SET1/COMPASS complex [46, 122] , as both HeK36me3 and H3K4me3 are enriched at R-loops. Of note, both of these histone marks were found to increase at sites of DSB formation, to modulate DSB repair pathway choice or facilitate meiotic break repair, respectively [70, 79, 80, 123, 124] . It will, thus, be interesting to determine if DSB-associated RNA : DNA hybrids are implicated in the establishment of repair-promoting histone modifications at DSBs.
Several recent findings support a direct role for R-loops in chromatin remodelling. For example, the PAF1 complex as well as several SET1/MLL H3K4 methyltransferase family members can both bind ssDNA and promote H3K4 monomethylation, a mark shown to exhibit an R-loop-anchored distribution at transcription start sites [49, 125] . Moreover, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160288 chromatin association of the histone acetyltransferase complex Tip60/p400 as well as the polycomb repressive complex PRC2 was found to be inhibited or increased, respectively, upon RNase H1 overexpression in embryonic stem cells [126] . Notably, Tip60 is an integral component of the cellular response to DSBs, facilitating both chromatin opening and repair factor assembly at DSBs through acetylation of histones and the DDR kinase ATM [77, [127] [128] [129] . PRC2 recruitment and the associated trimethylation of H3K27 at DSBs have also been implicated in DSB repair and resistance to genotoxic stress [111, 130] , and it is, therefore, tempting to speculate that RNA : DNA hybrid formation at resected DNA ends may facilitate Tip60 and/or PCR2 functions during DSB repair.
Although R-loop formation is generally associated with open chromatin, it has further been linked to increased H3K9me2/me3 deposition and heterochromatin formation in the context of triplet expansion diseases, such as Friedrich's ataxia and Fragile X syndrome [131] . A similar phenomenon has been observed at a subset of transcription termination sites [132] . While the underlying mechanism remains to be fully investigated, R-loop-associated repressive chromatin formation has been attributed to complex and possibly persistent R-loops that may, in turn, trigger DSB formation and concomitant H3K9 methylation-associated chromatin compaction [49, 106, 107] . R-loop-associated chromatin condensation has further been linked to increased H3S10 phosphorylation, a histone mark associated with the compaction of mitotic chromosomes. However, the molecular basis and physiological consequences of this phenomenon remain to be determined [133] . Irrespective of the precise nature of R-loop-associated epigenetic changes, their formation is likely to contribute to and alter the surrounding chromatin environment. While R-loops form transiently and at modest frequencies, the repeated, site-specific accumulation of these hybrids and concomitant recruitment of chromatin modifying enzymes may ensure a persisting epigenetic impact. Evidence for this notion is emerging in the context of transcription start and end sites [49] , and similar mechanisms may be at work at other genomic regions with increased susceptibility to R-loop formation. In support of this, RNAse H2 deficiency, which causes Aicardi-Goutières syndrome (AGS) and promotes the accumulation of R-loops within gene bodies as well as intergenic regions, was found to be associated with global DNA hypomethylation at AGS-specific R-loop loci [134] . Given their association with DNA breaks, R-loop formation may further emerge as a novel mediator of DNA damage-induced chromatin reorganization. Of note, the deregulation of R-loop metabolism has been associated with an increasing number of human diseases, including cancers and several neurodegenerative disorders [67] , which are in turn characterized by extensive changes in chromatin and gene expression [5, 12] . Together, these findings raise the intriguing possibility that RNA : DNA hybrids may account for ( parts of) these well-established hallmark of organismal decline.
Conclusion and perspective
Transcription is a potential threat to the stability of our genomes, a phenomenon largely attributed to conflicts with other DNA transactions. However, with the emerging role of transcription as a positive modulator of DSB repair, its impact on genome maintenance may need to be revisited. Many questions remain before we fully understand the complex interplay between the two processes, as well as their inevitable implications for epigenetic integrity.
Perhaps least investigated to date is the recently uncovered role of transcription-associated R-loop formation during DSB repair, which adds a new and potentially important layer of complexity to the regulatory networks that control this process. Building on the recent discovery that R-loops are required for efficient HR in yeast, it will be essential to determine whether similar processes are at work in higher eukaryotes. What are the regulatory mechanisms that maintain the balance between R-loop formation and resolution in the context of DSB repair, and are defects in R-loop metabolism of physiological relevance? Interestingly, genetic mutations in genes associated with R-loop removal or prevention, such as RNase H and SETX, exhibit pathologies reminiscent of those observed in patients with mutations in DSB repair factors, such as ATM or MRE11, most notably ataxia and neurodegeneration [131, 135, 136] . These findings suggest that defective genome maintenance may be a defining causal event in R-loop processing disorders and future work will no doubt explore this possibility as well as its therapeutic implications. Notably, most of our understanding of R-loop-associated genomic instability is based on studies of cells defective in R-loop processing. It will, thus, be critical to determine if, how and where naturally occurring R-loops may contribute to genomic aberrations and eventually malignant transformation. Finally, it will be of interest to determine how (recurrent) DNA damage associated with actively transcribed genes may influence the surrounding chromatin landscape, particularly at sites of replication stress-associated RNA/DNA polymerase collisions and/or physiological RNA : DNA hybrid formation. Together, we anticipate that advancing our understanding of the interplay between transcription, RNA and DNA repair processes will provide critical insight and, ultimately, novel therapeutic targets for a range of diseases associated with defects in (epi)genome maintenance.
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